Background: Contrast-induced acute kidney injury (CI-AKI) particularly in high risk patients with chronic kidney disease (CKD), increases morbidity and mortality. Neutrophil gelatinase-associated lipocalin (NGAL) is a protein excreted by the kidney during AKI. There are no urine (u) NGAL data as an early CI-AKI marker in CKD patients undergoing coronary procedures. Methods: This prospective study enrolled 130 patients with estimated glomerular filtration rate (eGFR) < 60 ml/min/ 1.73 m 2 undergoing elective coronary procedures. Serial urine samples, obtained at baseline and 3, 6, 12, 18, and 24 h post contrast administration were analyzed by NGAL ELISA kit. AKI was defined as an increase in serum creatinine (SCr) of ≥ 0.3 mg/dl or ≥ 1.5 times baseline SCr within 48 h per 2012 KDIGO guidelines. Receiver operator characteristic curve analyses identified optimal uNGAL and delta of uNGAL values for diagnosing CI-AKI. Results: The uNGAL was significantly and inverse correlated with eGFR (R = 0.25, P < 0.005). CI-AKI developed in 16/130 (12.31%) patients: 13 and 3 in CI-AKI stages I and II, respectively. uNGAL and delta of uNGAL were significantly higher in the CI-AKI group when compared with the No CI-AKI group (P < 0.05). The best uNGAL cut-off for optimal sensitivity 94%, specificity 78%, and area under the curve 0.84 for predicting CI-AKI was 117 ng/mL at 6 h, respectively. Corresponding values for predicting CI-AKI stage II were 100%, 87% and 0.9 when using an uNGAL of 264 ng/mL at 6 h. Conclusions: Monitoring of uNGAL levels not only provide the early detecting CI-AKI but also predict the severity of CI-AKI in CKD patients undergoing elective coronary procedures.
Background
Contrast-induced acute kidney injury (CI-AKI) is one of the most common complications in patients who receive intravenous contrast media [1] [2] [3] [4] . The incidence of CI-AKI is low 1-2% in patients with normal renal function even with underlying diabetes mellitus [1] but increases up to 25% in patients with certified risk factors, for instance the combination of chronic kidney disease (CKD) and diabetes, congestive heart failure, advanced age, and concurrent use of nephrotoxic drugs [4] with raising the morbidity and mortality [5] . CI-AKI requiring dialysis occurs in 3-4% of patients with underlying CKD undergoing coronary procedures [6, 7] and CI-AKI in CKD patients contributes to extended hospitalizations and increases long-term morbidity and mortality [8] .
CI-AKI is defined as an acute deterioration in renal function after intravenous administration of contrast media by an absolute increase in serum creatinine (SCr) ≥ 0.5 mg/dL or ≥ 25% relative increase from baseline SCr within 48 hours after contrast media injection without evidence of other causes. In general, impairment of renal function in CI-AKI occurs within 3 days after intravenous administration of contrast media, while the peak of SCr is observed at 3-5 days and returns to the baseline value within 1-3 weeks [9, 10] . However, SCr is an unreliable biomarker during AKI in kidney function [11, 12] because many factors can affect SCr concentration, including creatinine generation by muscle catabolism, diet, age, hydration status and renal tubular secretion of creatinine. In addition, during an acute decrease in glomerular filtration rate, SCr does not accurately represent kidney function in AKI until steady state has been reached, which requires several days [13, 14] . Consequently, a changing of SCr within 48 hours after contrast media injection might result in a delay for diagnosis CI-AKI. The earlier detection of CI-AKI with another biomarker/s could be diagnostically and therapeutically beneficial.
The Neutrophil Gelatinase-Associated Lipocalin (NGAL) is a protein covalently bound to gelatinase in neutrophils which is usually expressed at very low concentrations in several human tissues, including kidney, lung, stomach, and colon [15] . During AKI, NGAL expression is markedly induced systemically and in injured distal nephron epithelium. Urine (u) NGAL concentrations are increased because of impaired reabsorption of NGAL by the damaged proximal tubules and direct excretion by the damaged distal tubules [16] . NGAL was detected easily in the blood and urine soon after AKI in experimental and clinical studies [17, 18] . Therefore, NGAL has proved an early, sensitive, non-invasive biomarker for AKI in different clinical settings such as in cardiac surgery [19, 20] , critical care [21, 22] , and kidney transplantation [23, 24] .
Previous studies of uNGAL in CI-AKI have been conducted in adult and pediatric patients with normal renal function [25] [26] [27] [28] . Given the lack of data in CKD patients undergoing coronary procedures, the present study was conducted to evaluate uNGAL as an early biomarker for the diagnosis and severity of CI-AKI.
Methods

Patient population
The prospective cohort study was conducted in patients who underwent clinically-driven, elective coronary angiography and/or intervention at Thammasat Chalerm Prakiat Hospital during the period from January 2010 to December 2011. Approval was obtained from the Ethics Committee of the Faculty of Medicine, Thammasat University. All patients provided written, informed consent to participate in the study. Patients aged ≥ 18 years with baseline estimation of glomerular filtration rate (eGFR) < 60 mL/min, as measured in their most recent sample and at least two measurements for ≥ three months prior to the beginning of the protocol, were included in the study. Stages of CKD were classified by the National Kidney Foundation practice guidelines [29] . However, patients who younger than 18 years, with pre-existing AKI, CKD stage 5 or unstable renal function (as evidenced by a change in SCr of ≥ 0.5 mg/dL, or ≥ 25%, within 14 days prior to the study) were excluded from further participation. Subjects were also excluded if they had a known allergy to any of the contrast agents, or were receiving mechanical ventilation, or suffered from congestive heart failure, cardiogenic shock or emergent angiography. Moreover, those receiving NAC, mannitol, diuretics, theophylline, dopamine, and ascorbic acid or contrast agents within 14 days before study commencement were not included.
All subjects were maintained in a euvolemic state with intravenous isotonic (0.9%) saline at rate 1 mL/kg per hour for 12 hours before and 12 hours after elective coronary procedures. Variation in the hydration rate was allowed for adjustments according to the clinical heart failure of individual patient. Hospital procedures mandated accurate hourly recording of all in-hospital volume inputs for patients undergoing elective coronary interventions. All patients were encouraged to drink if they were thirsty. Coronary intervention was performed using a standard protocol, via either the radial or femoral approach by the attending interventional cardiologist. All procedures were performed using low-osmolar, nonionic contrast media agent (Iopromide, Schering AG, Germany) in doses adjusted for body weight and determined by the number and location of cardiovascular angiograms.
Blood and urine sample collections and storage
Venous blood samples were collected for the measurement of complete blood count, and SCr baseline levels 12-24 hrs prior to intervention and again 48 hrs after the procedure. eGFR was calculated by using the reexpressed 4- [30] . Serial urine samples were collected at baseline (prior to coronary procedures), and at 3, 6, 12, 18 and 24 h post coronary procedures. Samples were centrifuged at 2,000 g for 5 min and the supernatants stored at −70°C until assayed. uNGAL concentrations were measured using a commercially available ELISA kit (Antibody Shop, Gentofte, Denmark), following the manufacturer's instructions. All urine specimens were diluted to achieve concentration for optimal density according to the ELISA kit instruction before performing an ELISA assay to fit the concentrations of respective NGAL protein in the linear range of the standard curve. The inter-assay and intra-assay coefficients of variation for NGAL were < 5%. The measurements were made in duplicate and in a blinded fashion. NGAL levels were expressed in units of nanograms per milliliter.
Newer criteria of AKI from KDIGO guideline 2012 were applied for the diagnosis of CI-AKI. AKI was defined as an increase in SCr of ≥ 0.3 mg/dl or ≥ 1.5 times baseline creatinine within 48 hr, and the patients were classified into three stages according to the SCr criteria. Stage I defined as a SCr increase of ≥ 0.3 mg/dl or ≥ 1.5 to 1.9 times baseline; stage II as a SCr increase to ≥ 2.0 to 2.9 times and stage III of more than 3 times baseline. Urine criteria of AKI were not utilized in this study because of potential changes in urinary volume induced by some medical therapy.
The risk score for predicting CI-AKI development was calculated according to Mehran et al. [31] . Risk score assessment was evaluated by definition of clinical and cut-off point of laboratory investigation. Specific clinical and laboratory data were obtained from the hospital charts that were reviewed by research investigators.
Statistical analysis
Values are presented as mean ± standard error of the mean (SE). A two-sample t-test or the non-parametric Mann-Whitney U test was used to compare continuous variables. Categorical variables were compared using the chi-square test or Fisher's exact test, as appropriate. The associations between two continuous variables were assessed by Pearson's correlation coefficient; all nonnormally distributed values were log-transformed as required. To measure the sensitivity and specificity of uNGAL for the diagnosis of CI-AKI and its severity, receiver-operating characteristic (ROC) curves were generated and the area under the curve (AUC) calculated. We defined the cut-off as closest point to sensitivity = specificity = 1.0 on ROC curve. An AUC-ROC value of 0.90 to 1.0 indicated excellent, 0.80 to 0.89 good, 0.70 to 0.79 fair, 0.60 to 0.69 poor, and 0.50 to 0.59 indicated no useful value. The AUC ROCs were compared according to the method of Hanley and McNeil [32] . Two tailed p < 0.05 was considered statistically significant. The SPSS version 16 for Windows software was used for analyses.
Results
A total of 1,393 patients referred for coronary angiography and/or intervention were screened between January 2010 and December 2011 ( Figure 1 ). Of these patients, 301 patients met the inclusion criteria based on a baseline eGFR < 60 mL/min. 171 patients were excluded from the study because 18 patients declined to participate, two patients suffered from congestive heart failure, three patients developed AKI and 148 patients were enrolled in other study. Finally, 130 CKD patients were included in the present study: CKD stage III and CKD stage IV numbered 100 and 30 patients, respectively.
After coronary procedures, 16/130 (12.31%) patients developed CI-AKI; 13 patients for CI-AKI stage I, and 3 patients for CI-AKI stage II. CI-AKI developed in 10/100 (10%) in patients with CKD stage III; 9 patients for CI-AKI stage I, and 1 patient for CI-AKI stage II. While, CI-AKI developed in 6/30 (20%) in patients with CKD stage IV; 4 patients for CI-AKI stage I, and 2 patients for CI-AKI stage II. Based on the primary outcome, we classified subjects into those with and without CI-AKI (No CI-AKI).
The baseline clinical characteristics of patients, stratified by the presence/absence of baseline CI-AKI are shown in Table 1 . Comparing these two groups, there were no statistically significant differences in age, sex, blood pressure, heart rate, body mass index, concomitant medication, and co-morbidity, including hypertension, diabetes mellitus, hypercholesterolemia, left ventricular ejection fraction, myocardial infarction, Canadian Cardiovascular Society classification, New York Heart Association classification, angiography/percutaneous intervention and number of vessel disease. Similarly, no statistically significant differences between the groups, especially contrast volume, intravenous volume and risk score.
The baseline, follow-up and absolute changes (from baseline) for SCr, eGFR, uNGAL and delta of uNGAL in each group of all patients, CKD stage III and CKD stage IV are summarized in Table 2 . In all patients and CKD stage IV patients (but not CKD stage III patients), the CI-AKI group had a significantly higher SCr but lower eGFR at baseline (P < 0.05) (Table 2A , 2B and 2C). The CI-AKI group had a significant increase in SCr and decrease in eGFR at 48 h post coronary procedures for all patients, CKD stage III and IV patients (P < 0.05). On average at 48 h, patients in the CI-AKI group had a statistically significant increase in SCr of 55% (all patients), 73% (CKD stage III) and 42% (CKD stage IV), while corresponding decrease in eGFR were 33.33%, 50% and 35% (P < 0.05) respectively. The mean SCr and eGFR did not change significantly in the No CI-AKI group (Table 2) .
In all patients and patients with CKD stage IV, the mean uNGAL levels at baseline were significantly higher in the CI-AKI when compared to No CI-AKI group (P < 0.05) (Table 2A and 2C) but without a statistically significant difference in CKD stage III patients (Table 2B ). The CI-AKI group had a significant increase in uNGAL and delta of uNGAL at all time points post coronary procedures when compared to No CI-AKI group (P < 0.05). Comparing CI-AKI stages I and II, there were not significant differences in uNGAL levels at any time Urine NGAL (ng/ml) point post coronary procedures. However, delta of uNGAL levels at 0-6 h and 0-12 h were significantly higher in the CI-AKI stage II than the CI-AKI stage I (P < 0.05) (Table 2A) respectively. The uNGAL was significantly and inversely correlated with eGFR (R = 0.25, P < 0.005; Figure 2 ), and hemoglobin (R = 0.44, P < 0.01). However, uNGAL did not correlate with other parameters, such as SCr, age, gender, blood pressure, height, body weight and body mass index (P > 0.05).
The performance characteristics of uNGAL and delta of uNGAL for diagnosis CI-AKI are shown in Table 3 . The ROC curves AUCs ranged from 0.78 to 0.86 (uNGAL), and 0.66 to 0.83 (delta of uNGAL) ( Table 3A) . The highest AUCs for uNGAL and delta of uNGAL for diagnosis CI-AKI were 0.85 (95% CI = 0.76-0.91; P < 0.01) at 6 h ( Figure 3A ) and 0.83 (95% CI = 0.75-0.92; P < 0.01) at 0-6 h ( Figure 3B ), respectively. The cut-off value of uNGAL for optimal combination of sensitivity (94%) and specificity (78%) was 117 ng/mL, while the cut-off value of delta of uNGAL for optimal combination of sensitivity (88%) and specificity (80%) was 45 ng/mL, respectively. The cut-off value of uNGAL and delta of uNGAL for diagnosis CI-AKI in CKD stage III were similar to all patients (Table 3B) . However, the cut-off value of uNGAL and delta of uNGAL for diagnosis CI-AKI in CKD stage IV were higher than CKD stage III and all patients (Table 3B) .
The performance characteristics of uNGAL and delta of uNGAL for diagnosis CI-AKI stage I are shown in Table 4 . The best AUCs for uNGAL and delta of uNGAL for diagnosis CI-AKI stage I were 0.83 (95% CI = 0.74-0.92; P <0.01) at 6 h and 0.82 (95% CI = 0.72-0.92; P < 0.01) at 0-6 h post coronary procedure (Table 4A ). The sensitivities were 92% and 85% while the specificities were 76% and 80% when the cut-off values of uNGAL and delta of uNGAL were 117 and 54 ng/mL (Table 4A) , respectively. The cut-off value of uNGAL and delta of uNGAL for diagnosis CI-AKI stage I in CKD stage III were similar to all patients (Table 4B) . However, the cut-off value of uNGAL and delta of uNGAL for diagnosis CI-AKI stage I in CKD stage IV were higher than CKD stage III and all patients (Table 4B ).
The performance characteristics of uNGAL and delta of uNGAL for diagnosis CI-AKI stage II are shown in Table 5 . The best AUCs for uNGAL and delta of uNGAL for diagnosis CI-AKI stage II were 0.9 (95% CI = 0.84-0.97; P < 0.01) at 6 h and 0.93 (95% CI = 0.86-0.99; P < 0.01) at 0-6 h post coronary procedure (Table 5A ). The cut-off value of uNGAL for optimal combination of sensitivity (100%) and specificity (87%) was 264 ng/mL, while the cut-off value of delta of uNGAL for optimal combination of sensitivity (100%) and specificity (87%) was 121 ng/mL (Table 5A ). The cut-off value of uNGAL and delta of uNGAL for diagnosis CI-AKI stage II in CKD stage III were similar to all patients (Table 5B ). In addition, the cut-off value of uNGAL and delta of uNGAL for diagnosis CI-AKI stage II in CKD stage IV were higher than CKD stage III and all patients (Table 5B ). 
Discussion
This prospective study in CKD patients undergoing coronary procedure has demonstrated that uNGAL at 6 h and delta of uNGAL 0-6 h post coronary procedure were good biomarkers for early diagnosis CI-AKI and had some value in grading its severity. Baseline uNGAL inversely correlated with the eGFR but did not correlate with the SCr, suggesting it is a better marker for renal impairment than SCr. Thus, monitoring the baseline uNGAL could be a simple surrogate marker correspond to baseline renal function and following the uNGAL especially at 6 h after coronary procedure predict the development and severity of CI-AKI.
The findings from the present study confirm that uNGAL is an important biomarker reflects the residual renal function in CKD patients similar to previous clinical studies have been reported [33] [34] [35] which explain the role of this protein in glomerular filtration and tubular adaptation during chronic kidney injury. NGAL was originally expressed in activated human neutrophils, but it is also expressed at low levels in different human tissues, including the distal nephron of kidney [36] . NGAL is synthesized systemically during kidney injury followed by glomerular filtration and impaired proximal tubular reabsorption. Moreover, NGAL was produced locally by injured distal nephron epithelium resulting in Table 3 elevated of uNGAL [16] . Hence, sustained production of NGAL by the chronic stressed kidney is responsible for the increase uNGAL levels that reflect the residual renal function superior than SCr in CKD patients. Serial uNGAL in our CKD patients rose early since 3 h and peaked at 18 h after coronary procedures. These kinetics are quite different to the patients with normal renal function [26, 28] whose uNGAL concentrations peak earlier at 6-8 h and begin to return at 8-12 h after coronary procedures. This difference is probably due to the delayed excretion of contrast media in CKD patients with continuing contrast induced kidney injury. Not surprisingly, our baseline and serial uNGAL concentrations are higher than those reported from studies with patients with normal renal function.
Previous studies have shown the value of uNGAL for early diagnosis CI-AKI in patients with normal renal function undergoing coronary procedures [25] [26] [27] . Hirsch et al. [25] determined the diagnosis of CI-AKI in 91 congenital heart disease pediatric patients with normal renal function undergoing cardiac catheterization and angiography. The mean baseline uNGAL level was 17.7 ng/mL and the levels of uNGAL increased 7 fold in CI-AKI patients at 2 h after procedures. Using a cut-off value of uNGAL 100 ng/ml at 6 h, the sensitivity, specificity, and AUC for predicting CI-AKI were excellent; 90%, 99%, and 0.97, respectively. Ling et al. [27] reported the diagnosis of CI-AKI in adult patients with normal renal function undergoing coronary angiography. Baseline uNGAL level was 5.76 ng/mL and increased two fold in CI-AKI patients at 24 h after procedures. Using a cut-off value of 9.85 ng/mL, the sensitivity, specificity, and AUC for prediction of CI-AKI were good for the 24 h uNGAL (77%, 70%, and 0.73, respectively). BachorzewskaGajewska et al. [26] determined the diagnosis of CI-AKI in 100 patients with normal SCr undergoing coronary interventions. The mean baseline uNGAL level was 9.9 ng/mL and this increased significantly two fold at 4 h after interventions. Furthermore, the uNGAL levels were significantly higher in the patients with CI-AKI at 4 h after procedures when compared with patients without CI-AKI. Broadly, these studies had the baseline and follow-up uNGAL levels after coronary procedures lower than the present study because the population in the present study was CKD patients who had renal dysfunction which delay the kinetic change of uNGAL. Thus, the cut-off points of uNGAL for detecting CI-AKI in CKD patients were higher than patients with normal renal function.
In the present study, uNGAL and delta of uNGAL were excellent biomarkers for detecting the development CI-AKI in CKD patients undergoing elective coronary procedures. The best time was 6 h for uNGAL and between 0 to 6 h for delta of uNGAL. Therefore, at least 2 time points post baseline are needed for measuring uNGAL and calculating delta of uNGAL to detect the development of CI-AKI. More intense sampling may have shown an earlier time to detect CI-AKI. At these times, the uNGAL and delta of uNGAL levels were Figure 3 Receiver operating characteristics (ROC) curves of urine NGAL at baseline, 3 h, and 6 h (3A) and delta of urine NGAL 0-3 h, 0-6 h, and 0-12 h (3B) considering incidence of CI-AKI as status variable.
higher in the CKD stage IV than the CKD stage III patients but numbers are small and concern is advised in generalizing these results. Caution should be exercised when comparing across studies because studies have used different patients population, diagnostic criteria of CI-AKI definitions, storage conditions of urine specimens, and techniques for measuring uNGAL and others confounding factors.
Cut-off points of uNGAL at 6 h and delta of uNGAL 0-6 h predict the severity of CI-AKI in CKD patients undergoing elective coronary procedures. Although the numbers of CI-AKI patients in the present study were small but there was a suggestion that uNGAL and delta of uNGAL levels were higher on patients who developed CI-AKI stage II when compared to those with CI-AKI stage I for 2-3 times. This is an area where more data are needed to validate the levels of uNGAL, the degree of renal impairment and if this also predicts later morbidity.
The present study has limitations. First, the present study has only been conducted in a single center. These results will need to be validated in a larger population by perform a multi-center study. Second, NGAL measurement by ELISA kit in the present study detect the high molecular weight NGAL complex which may lack sensitivity. Nickolas et al. [37] have demonstrated that specific measurement of monomeric NGAL was correlated with GFR and renal cell types. Thus, a more specific assay of the NGAL monomer could be developed for early detect CI-AKI. Finally, several potential urine and plasma proteins were demonstrated to early diagnosis CI-AKI. It could take the advantage if the author will combine two or more biomarkers at different time points from 0-12 h after coronary procedure which can improve the diagnostic accuracy.
Conclusions
Monitoring of uNGAL levels at baseline and 6 h post elective coronary procedures in CKD patients had high sensitive and specificity for early diagnosis CI-AKI and showed some discriminatory value for CI-AKI severity. It should be used in favour of SCr for identifying early patients who develop CI-AKI. 
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